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6 This report presents an analytical procedure for determining the energy
required by a Lunar roving vehicle for negotiating small obstacles. Some re-
sults of a limited parametric analysis generated by the use of this procedure
are included. Energy requirements are calculated for a typical vehicle to
illustrate the use of the data, and to establish a base line value.
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SECTION I
INTRODUCTION

A. PURPOSE

The purpose of this report is to present the results of an analytical
study of Lunar roving vehicle energy requirements for negotiating small
obstacles.

B. DESCRIPTION

A large study effort is underway that will result in the preliminary design
of a Lunar roving vehicle. A study of such magnitude requires investigation in
many areas, The area of interest in this report is that of vehicle mobility, and,
more specifically, the energy required for mobility purposes.

Vehicles traveling across the Lunar surface will require mobility energy
for ascending slopes, overcoming resistance due to sinkage in soft soils, and
for going over obstacles too small to require circumnavigation. Much work has
been done towards describing the characteristics of the Lunar surface from avail-
able photographic data. The results of such an analysis are reported in TR-83-D1
in the form of frequency of slope occurrence over representative paths. The
analysis was taken one step further by assigning soil characteristics to the var-
ious slopes. With such complete data, it is possible to compute the energy re-
quired for a vehicle to traverse such a terrain. The only factor missing is the
energy required to negotiate obstacles so small as to make it impractical to
circumnavigate them,

The problem was recognized in the work discussed above but no attempt
was made to find a solution. Instead, a recommendation was made that an energy
reserve of 20 percent be included to cover small obstacle negotiation. This 20
percent has been used in all analytical work with no effort being made to either
substantiate or disprove it,

Such a gross estimation is sufficient for very preliminary work but, at
some point, must be substantiated. Since no analytical method could be found
for defining the micro-profile of the Lunar surface and for computing energy re-
quired for traversing such a profile, the method presented here was developed
to fill the need.

1"Engineering Lunar Model Surface (ELMS)", September 4, 1964, Kennedy
Space Center, NASA,
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The procedure uses two parameters, terrain definition spacing and
terrain elevation, to describe surface roughness. Terrain definition spacing
is used as a specified constant value. Elevations are chosen randomly according
to a particular distribution function. A surface profile reproduced from such a
system yields a series of discrete points.

This method, based on sound concepts, is a good approach for the
initial attempt at determining energy requirements for traversing the micro-
profile of the Lunar surface. It is recognized that, as Lunar surface data
becomes available, it may be necessary to alter the profile description to more
closely approximate the actual surface. The use of points for surface description,
as compared to lines, will be of major interest.

If the surface is undulating, as indicated by available photographic data

it could be necessary to employ a profile description system using lines rather
than points.
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SECTION II
ANALYTICAL METHOD

A. GENERAL

It is very difficult to define roughness for the Lunar surface; however,
it is a necessary step in estimating the required energy values for mobility.
The term "obstacles' is used to refer to terrain features with elevations less
than about two and one-half times the wheel diameter.

The analytical method requires two steps:

Step 1 - Establish an obstacle profile,

Step 2 - Compute energy as the vehicle is moved across this
profile.

B. ASSUMPTIONS

The following assumptions were used in the analytical procedure to be
described.

(1) The reference plane is horizontal.

This simply means that energy values shown do not include
energy required for ascending slopes.

(2) Vehicle mass acts at the wheel center.

No shift of mass is considered due to center of gravity
height. The error introduced will be shown to be negligible.

(3) The vehicle moves in only two dimensions,

Wheels on only one side of a vehicle are considered so that
number of wheels in this analysis is actually number of axles for a three-dimen-
sional vehicle,

1) Wheelg are rigid.

The effects of flexible wheels are not considered.




(5) Energy values are ideal energies.

No attempt has been made to take into account inefficiencies
such as wheel slip, drive train energy loss, etc.

(6) Wheel spacing is assumed to be constant,

As wheels move vertically in a multi-wheel vehicle, the
wheel spacing changes. So, wheel base is actually the distance between wheel
centers only when the wheels are on the same level. A side investigation indicated
that even large changes in wheel base had negligible effect so the error introduced
by this assumption is very small.

(7) Inertia effects are not considered.

No account is taken of the effect of the dynamics of the
moving vehicle,

C. OBSTACLE PROFILE DE FINITION

Roughness of the Lunar surface is defined by specifying a spacing between
obstacles and an obstacle height. Spacing can be random or can be a specified
constant value. This procedure uses a constant spacing since this method is
used when measurements are actually made in situ. Obstacle height is chosen
by a random process wherein a maximum height, Y4%, is specified and the
obstacle heights varied from zero to Y, ,, based on the following arbitrarily
chosen distribution function:

_ C
Y = Y. (RN) (1)
Where RN is a random number

Figure 2-1 depicts how an obstacle profile will appear for various values
of the distribution exponent, C. For the cases shown, the spacing interval, DI,
is 20 cm and Y nax equals 50cm. A C value of one gives a completely random
surface with equal numbers of obstacles in each obstacle height range. Going
to a C less than one changes the distribution so that the mean obstacle height
approaches Y . As C increases above one, the distribution changes so that
the mean obstacle height becomes less and less. The profiles in figure 2-1
seem to indicate that the surface is very smooth for large values of C. This is
due to the fact that only a very short distance is shown. The frequency values
have been given to aid in evaluating roughness. The lower number indicates the

2
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number of obstacles per kilometer with heights between 5 and 20 cm while the
upper value shows the number of obstacles with heights between 20 and 50 ¢cm
per kilometer. If the frequency value is multiplied by the total number of kilo-
meters to be traversed, it becomes apparent that even for C of 80 a very large
number of obstacles must be negotiated,

D, ENERGY CALCULATION FOR ONE AXLE

The energy calculation is begun by defining an obstacle profile using the
method described above. A vehicle is placed on the path and its potential energy,
referenced to some datum plane, is calculated. The vehicle is moved horizon-
tally some distance, DX, and its potential energy calculated again. If the energy
increases, the difference is retained. If the energy decreases, the change is
ignored. This is continued over the entire path to yield an energy requirement
that is equal to the sum of the potential energy increases. Potential energy
decreases are ignored because the vehicle layout precludes any coasting.

Reference is made to figure 2-2 during the following discussion of the
mathematics of energy calculation. One wheel is shown crossing an obstacle pro-
file with an exaggerated spacing of DI. The procedure is started with the wheel
located in position I. The Y' axis will be shifted so that it always passes through
the wheel center. The wheel is moved vertically so that it is tangent to the high-
est obstacle within the range of the wheel diameter, D. The dashed circular arcs
represent different wheel positions as the wheel moves along the Y' axis. Note
that the obstacle is only a point and that the connecting lines shown have no con-
sequence, Mathematically, this procedure requires that the coordinates of each
obstacle concerned be used in the equation of the circle to determine the H)
for the wheel when it reaches the desired position.

The general equation for aﬁy circle is:
r? = (v-n? + (x-k)? (2)
where:
r is the radius
(X, Y) the coordinates of a point on the circle
(k, h) the coordinates of the center of the circle

Since the center of the wheel will always be on the Y' axis, k equals zero; alsoh
equals Hy, so that the equation for the wheel becomes:

r?2 = (¥ - Hy® + (X - 0) (3)

2-5




o 2= (¥ - Hy?

Solving for Hn and setting r = = gives:
Hy = v Y- - X (4)

The X and Y' coordinates of each obstacle underneath the wheel are used to
compute H values. The wheel is now moved vertically so that the Y' coordinate
of the center is the maximum H, or H,. No energy change is involved since
the wheel is assumed to be in this position initially.

The center of the wheel is shifted horizontally by some increment, DX,

and the above procedure repeated. If H 1 is greater than H,, the potential
energy change is calculated by:

AE' = m (Hyy - H) ()
For cases where the wheel moves down the energy would be:
E'=0 (6)

If this procedure is continued over the total distance, S, the energy would be:

For Hy 1 > Hy

n
E'=m | 3 (H,, 1 - Hp) (7)
n=20
For Hpy1 < H
E'=0 (8)

S
T e——
where n

Figure 2-2 was purposely exaggerated to illusirate the shift in the coordinate
system. Figure 2-3 gives a more realistic picture of the actual situation. The
DI is small compared to D so that several obstacles are defined underneath the
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wheel. Also, the DX used is much smaller than shown in figure 2-2, As DX
approaches zero, the locus of the wheel center approaches the curved line
shown. It is apparent that the accuracy of the summation process is dependent
upon the magnitude of DX,

E. ENERGY CALCULATION FOR MULTI-AXLE VEHICLES

Only one axle was considered above; however, the procedure is easily
expanded to include any number of axles, NW, Figure 2-4 shows a two-axle
vehicle with the wheel centers separated by some fixed value, WB. This WB
or wheel base is given by:

WB = (NW - 1) (D + WS) 9)
where WS is wheel separation

Wheel base enters into energy calculations implicitly. Its only effect is to fix the
relative positions between the wheels on the obstacle path. The energy is deter-
mined by calculating total vehicle potential; moving the vehicle a DX distance;
calculating new energy; and, finding the potential energy change. . If, as in the
case for one axle, the positive potential energy changes are summed over the
entire path, the desired energy is known.

Before the summation equation for multi-axle vehicles can be written,
it is necessary to redefine the Y' coordinate of the wheel center. The format
HNW, n will be used. For example, Hy 1 would be the height of the first wheel

center in the first position. Using this format for H, the energy summation
equation for a two-axle vehicle becomes:

n
B2 [(Hl, n+1 M1 ¥ Hp peg mg) - (Hy ymy + Hy ymy) | (10)
n=20 :

Expanding this to include NW axles gives:

n
E= X . [(Hl,n+1m1 * Hy ner M2 -+ HNw,ne1 ™NW) -
n:

A
(Hy pmy +Hy pmy ... Hyy o me)_J (11)
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or simplifying:

n NwW NW
E= 3 s (Hj’nJrl mj) - .2

(H, m.)] (12)
n=0 [j=1 j=1 0

A computer program for solving equation (12) was written so that a
value of n large enough to give reasonably accurate energies could be used.
The remainder of this report presents the results of a parametric analysis
using this program, plus some interpretation of the data.
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SECTION III
PARAMETRIC ANALYSIS

A. APPROACH

Since so little is known about the Lunar surface, it is impossible to
choose unique values for each variable and use equation (12) to determine energy.
The best approach is to generate parametric data centered around the expected
values of maximum obstacle height, obstacle separation, etc. A similar approach
is necessary for vehicle characteristics since the vehicle design is still fluid.

B. DETERMINATION OF n

The first step is to choose a value for n. This parameter is necessarir
for the analysis, but of no interest in the results and was not used parametrically.
As stated before, the relation for n is:

n= -2 (13)

It is simply the number of times energy is calculated and summed for a given
distance traveled. Computation time is directly proportional to n which makes it
desirable to keep the value as small as is commensurate with sufficient accuracy.

As shown before, DX controls the accuracy of the summation process over
a fixed path. A typical vehicle was run over a large distance using DX values of
5 to 40 cm. The same obstacle profile was used for all runs so that any change
in energy was due only to DX variation. The lower curve in figure 3-1 shows the
rate of decrease of E with DX, As would be expected for such a calculation, the
rate of change is small initially but increases at an increasing rate for large
values of DX, The top curve is a plot of the same data in terms of percentage
error., A DX value of 10 cm was chosen as being a good compromise between
accuracy and computation time,

The parameter, S, can be considered as a measure of repeatability. If
an obstacle profile is defined for a very short distance, the presence of one large
obstacle could greatly effect the energy. When a new random obstacle path is
defined over the samec distance, the one large obstacle might not appear so the

energy would be much less than before. Obviously, an infinite path length is
required for the true energy requirement, Betweeh these two extremes of path
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length there can be found some value which gives a reasonable compromise
between accuracy and computation time. Figure 3-2 shows the information
used in making qualitative choice of an S value. The solid line in figure 3-2
represents E versus C for an infinite path length. A large number of runs
were made for path lengths of 1/4, 1/2 and 1.0 km and a 2 ¢ statistical varia-
tion computed for each. These 2 ¢ variation boundaries are plotted to show
the area in which 95 percent of all'points will fall if the energy is calculated
repeatedly over different random obstacle profiles for a given S. . An S value
of 1.0 km was chosen because it presented a good compromise between data
scatter and computation time.

Thus, for the parametric data that follows, DX equals 10 cm and S
equals 1,0 km., This gives an n value of:

n = 100,000  _ ;4 900

10

This large value of n indicates the reason for preoccupation with computation
time.

C. PARAMETRIC DATA

Reviewing Equations (1) and (12) will show what parameters were
considered parametrically.

Y = Yyax RN)C @)
and
n NW NW
=3 s, (Hj,n+1mj)— D> (Hj’nmj) (12)
n=0 | j=1 j=1

The value of n has been fixed; WB has negligible effect; and m is constant at
1000kg per wheel. This leaves DI, C, Y NW, and D to be treated paramet-
rically.

max?’

(1) E variation with C, The primary form of data presentation in this
report is a plot of E versus C for various values of D, Figure 3-3 shows such a
plot with a D variation from 100 to 250 em. This plot is for a two-axle vehicle
with a DI of 20 cm and a Yo hax of 100 cm. Figure 3-4 is a similar plot for
three axles and shows a small decrease in energy.
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These figures are typical of the data generated. The appendix includes

additional data for DI values of 5, 10, 20, 40 cm and Y, values of 25, 100,

175 and 250 cm. Some scatter was present in the plotted data; however, enough
points were run to make possible a good average fairing. One caution should

be taken when using the data. Since the maximum obstacle height that a vehicle
can negotiate is dependent upon the vehicle layout and Lunar surface character-
istics, some combinations of Dand Y .. used in this report might be unrealis-
tic. When determining energy requirements from this data, a realistic combina-
tion of D and Ymax should be established rather than using the worst case.

(2) E Variation with DI, Figure 3-5 illustrates how the point of maxi-
mum energy shifts with a change in DI. Note that there is no change in the
magnitude of maximum energy. But, for a given C, E decreases rapidly with
increasing DI. This is due to the fact that fewer obstacles are defined over one
km for larger DI values.

(83) E Variation with Yyax, Intuitively, it seems that energy should
be directly proportional to Yaxe Figure 3-6 shows this tobe true. Also shown
is the decrease in rate of change with an increase in D. Two points can be made
concerning this plot. First, the data is for a C of 8. Referring to figure 3-5
shows that for a DI of 20 cm peak energy is near a C of 8. This means that an
energy value from figure 3-6 will allow a vehicle to negotiate profiles for all
C values.

The second point is that energy requirements become very large
for some conditions. If the rule-of-thumb is used which says that a two-axle
vehicle can negotiate obstacles up to 1/3 D, the highest value of E possible is
.05, a low value. The range of values used is not meant to indicate upper
limits but to cover all possible combinations.

(4) E Variation with D, Figure 3-7 gives the same data discussed
above replotted to show the E versus D variation. For very small Y max values,
the energy is insensitive to D, but, as Ymax increases, D has more effect.
From the obstacle negotiation standpoint, use the largest possible D.

(5) E Variation with NW. Figure 3-8 shows in bar chart form the E
for from one to eight axles. The data shows a 50-percent reduction in energy
requirement going from one to eight axles. In actual practice, this reduction
would be tempered by an increasing drive train energy loss for such a large
number of axies.
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(6) E Variations with Mass Distributions. All energy calculations were
based on the assumption that an equal mass acted through the center of each
wheel. Figure 3-9 depicts the effect of altering the mass distribution for two
and three axles with an assumed total vehicle mass of 2700 kg. The plot is E
versus the percentage of total vehicle mass acting on the first axles, Curves
are shown for various distributions between the remaining two axles. The
equals 100 percent curve is a two-axle vehicle, since the mass on the third
axle is zero,

, For two axles the minimum energy is obtained with 50-percent
mass on each axle. For three axles, the minimum energy occurs at 35-percent
mass on the first axle and even distribution of the remaining mass between axle
two and three. Since the data presented in this report is for even distribution,
it would give a value of E as marked X, showing that even distribution is very
nearly minimum,
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SECTION IV
ANALYSIS OF DATA

A. GENERAL

At this point, the major question; "What is the energy requirement for
negotiating obstacles ?", is still not answered. The parametric data has shown
that the variation of energy with the parameters considered is so complex that
it is impossible to choose one all-encompassing value. In the following discus-
sion, a typical vehicle will be evaluated by using the parametric data presented.

Following is a list of the assumed vehicle characteristics:

Vehicle Mass 3000 kg (~~ 6500 1b)
No. of Axles 2
Wheel Diameter 200 cm (~~80 in)

Drive Train Efficiency .6

Energy Required for .30 kw-hr
Mobility (ELMS) Km

Equal Mass Distribution

B. DETERMINATION OF ENERGY FOR OBSTACLES

It is necessary to choose values for three parameters that define an
obstacle profile, Obstacle spacing will be arbitrarily chosen as 20 cm. Maxi-
mum obstacle height will be 50 cm. This is probably the highest obstacle that
the vehicle would attempt to go over. The final value, distribution exponent,

C, is more difficult to determine. Since this is such an important parameter,
energy required for obstacles was determined for a wide range of C values.
This data is plotted in figure 4-1 as a percentage of energy for mobility versus
C. For this assumed case, the 20 percent recommended by TR-83-D is suffic-
ient for only a C of 80. Referring back to the obstacle frequency numbers of
figure 1 shows that a profile with C of 80 will probably be rough enough. But,
due to the lack of experience in the use of C, the value chosen should be con-
servative. If Cis reduced to 40, which gives a much rougher surface, energy
for obstacles increases to 35 percent. This value could be used rather than the
recommended 20 percent to allow for some built-in conservatism.
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SECTION V
CONCLUSIONS AND RECOMMENDA TIONS

A. GENERAL

This completes the presentation of an analytical method for determining
energy required for obstacle negotiation. It has been obvious in certain areas
that alternative methods could have been used. The direction taken was the
best possible with present knowledge but new directions might be dictated by
future developments. The basic philosophy behind the method is sound and can
be used in future mobility analyses.

B. CONCLUSIONS

The primary conclusion to be drawn from the parametric data is that the
value of energy for obstacle negotiation is of such a magnitude as to require its
inclusion as an integral part of the mobility analysis and not treat it as a re-
serve. This can be done by superimposing an obstacle profile on top of a macro-
profile such as defined in TR-83-D. If a reserve is to be used, the 35-percent
value is probably better than 20 percent. When a three-dimensional analysis
is required, two obstacle profiles can be defined simultaneously.

C. RECOMMENDATIONS

The area that obviously requires additional effort is the correlation of the
distribution exponent, C, to some real obstacle distributions, This is possible
by using terrestrial topographical charts of areas similar to areas of interest on
the Lunar surface. Distributions of obstacle heights can be determined and com-
pared to distributions for various C values. As Lunar surface profile data becomes
available, even more accurate C values can be determined.,
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APPENDIX

The appendix presents the results of the parametric analysis in the
form of energy versus C plots. Figures A-1 through A-13 give data for wheel
diameters of 100, 150, 200, and 250 cm; maximum obstacle heights of 25, 50,
75, and 150 cm, obstacle spacing of 5, 10, 20 and 40 cm; and for two-and three-
axle vehicles, The same line coding for wheel diameter is used throughout.
Note that the energy scale changes. This was necessary to give sufficient
accuracy.

The following legend is applicable to all figures of this appendix:

D - CM
100 —
150 —-—
200 —--—
250 ———
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